An in-situ method to measure changes in catalyst particle size at the cathode of a proton exchange membrane fuel cell is demonstrated. Synchrotron X-rays, 58 keV, were used to measure the pair distribution function on an operating fuel cell and observe the growth of catalyst particles under accelerated degradation conditions. The stability of Pt/C and PtCo/C with different initial particle sizes was monitored over 3000 potential cycles. The increase in particle size was fit to a linear trend as a function of cycles. The most stable electrocatalyst was found to be the alloyed PtCo with the larger initial particle size. In-situ methods to measure morphology changes of supported catalysts in proton exchange membrane fuel cells (PEMFCs) under realistic operating environments are needed to better understand the mechanisms of catalyst degradation. Platinum stability at the cathode is a critical challenge in the commercialization of PEMFCs. A combination of high potentials and acidic conditions at the cathode results in platinum instability.
In-situ methods to measure morphology changes of supported catalysts in proton exchange membrane fuel cells (PEMFCs) under realistic operating environments are needed to better understand the mechanisms of catalyst degradation. Platinum stability at the cathode is a critical challenge in the commercialization of PEMFCs. A combination of high potentials and acidic conditions at the cathode results in platinum instability. 1 Micro-scale and nano-scale mechanisms facilitate platinum loss. 2 Micro-scale platinum movement results in the formation of a platinum band in the membrane, 3, 4 and the position of the band can be predicted using a simple model. 3 Nano-scale platinum loss occurs via an Ostwald ripening type mechanism, where large particles grow at the expense of small particles. 2, 4, 5 The solubility of the platinum particles increases with decreasing particle size due to the effects of surface energy and particle curvature. Particles smaller than 5 nm have a notably higher solubility than larger particles. 6, 7 Particle growth results in a decrease in the electrochemically active area (ECA), which lowers the efficiency of the fuel cell. Alloyed electrocatalysts are an attractive solution because these materials reduce the amount of platinum required for efficient operation and exhibit promise to increase electrocatalyst stability. 8 Further information is needed regarding the forces behind catalyst degradation to enable development of a detailed, physics-based model of platinum dissolution. In-situ techniques are invaluable since real time data can be recorded and compared to theoretical models.
Traditionally, cyclic voltammetry and hydrogen absorption have been used to measure ECA loss over time. 9 In conjunction with XRD and TEM particle size analysis, information about electrocatalyst morphology can be determined. 2, 4, 10 In 2005 Ferreira and coworkers carried out an extensive study on platinum dissolution in PEMFCs. 4 Unambiguous evidence was provided for particle growth during accelerated degradation experiments through in-situ cyclic voltammetry and ex-situ XRD and TEM measurements before and after cycling. 4 Furthermore, it was proposed that nano-scale ripening accounted for 1/2 of total platinum area loss. 4 TEM histograms of particle diameter have been used in parallel with cycling experiments to demonstrate electrocatalyst stability and the effect of platinum stability on PEMFC performance. 6 In-situ X-ray techniques have been previously employed to study molecular structure changes within the catalyst layer using liquid electrolyte cells. 11, 12 Wiltshire and coworkers designed fuel-cell hardware for use in fluorescence-mode XAS investigations such that oxidation states could be monitored in-situ under a realistic PEMFC environment. 13 The atomic pair distribution function (PDF) analysis compliments other X-ray techniques by yielding information about electrocatalyst morphology such as atomic bond lengths and average spherical particle diameter. [14] [15] [16] Previous studies have been employed to examine platinum nanoparticle formation and in-situ growth using the PDF method. 17, 18 In this study we apply a similar method of analysis, and for the first time, the PDF method was used to measure growth of catalyst particle size in operating fuel cells. Although the Scherrer method 19 is simpler than the PDF method and is often used to estimate particle size, it is less accurate in small nanoparticles due to excessive broadening of the Bragg reflections. In addition, the experiment required rapid data collection, which came at the expense of angular resolution and added more inaccuracy to the width of the Bragg peaks. High X-ray intensity was required to decrease data collection time. Custom fuelcell hardware was designed, based upon cells found in literature, 20 to monitor changes in cathode morphology. To demonstrate the utility of the technique, different catalyst types and sizes were studied. PDF analysis of the diffraction data allowed for spherical particle size changes to be tracked simultaneously with accelerated degradation experiments. 14, 15 It was found that the alloyed PtCo electrocatalyst with an initial particle diameter of 3.8 nm exhibited the greatest stability.
Experimental
The fuel-cell hardware was designed to enable X-ray collection of the cathode catalyst layer, in transmission mode, with minimum interference from the cell hardware. A 4 mm hole was drilled through the anode end plate, current collector, and all but 1.3 mm of the 5.1 mm thick flow field for the incident beam to enter. On the cathode side, a conical window was cut down to the last 1.3 mm of the flow field (using a series of steps) to collect the scattering pattern up to an angle of 61 degrees. A 1 mm hole (large enough for the beam with slight misalignment) was drilled through the center of both flow channels to minimize graphite background, and the holes were sealed with a 0.13 mm Kapton liner to prevent gas leakage. A Kapton sheet was used as the insulator between the current collector and end plate to minimize interference with X-rays. The experimental design and set-up is shown in Figure 1 .
Membrane electrode assemblies (MEAs) were fabricated by the decal method 21 using 4 different electrocatalyst samples at the cathode: 50% Pt/C, 50% -HT Pt/C (heat treated), 30% PtCo/C, and 51% PtCo/C. The catalysts were obtained from Tanaka Kikinzoku Kogyo (Tokyo, Japan), and the different weight percentages corresponded to varying average particle diameters. The catalyst ink was prepared using the colloid method. 22 Briefly, a 5 weight percent Nafion solution in a mixture of water and isopropanol (Ion Power D520) was added drop-by-drop to n-butyl acetate. The platinum based catalyst supported on carbon was immediately added to form a colloid based ink. The final ratio of the ink was 0.8 g of dry Nafion per 50 g n-butyl acetate per 1 g of carbon for all samples. All samples were spray coated onto 0.30 mm Teflon sheets and transferred to the membrane via hot pressing at 155
• C and 1.8 MPa for 8 minutes. Anodes were made from 46% Pt/C with a loading of 0.1 mg Pt /cm 2 and the cathodes were loaded with about 1 mg Pt /cm 2 . Any changes observed in the diffraction pattern were dominated by the electrocatalyst at the cathode since the anode only accounted for 10% of the platinum X-ray signal. Nafion 117 was used as the electrolyte in all samples to minimize hydrogen crossover, and gas diffusion layers made of Toray carbon paper (TGP-H-060) were placed between the catalyst layers and flow fields.
The experiment was conducted at the Advanced Photon Source Beam Line 11-ID-B with a collimated beam of size 0.5 × 0.5 mm and energy 58 keV. X-rays were collected with a Perkin-Elmer amorphous silicon area detector, total area 40 × 40 cm 2 and pixel size 200 μm, placed 171.5 mm from the sample. Each MEA was subject to an accelerated degradation test by cycling 3000 times from 0.60 to 1.2 volts versus the reversible hydrogen electrode (V RHE ) at a scan rate of 100 mV/s with a Metrohm Autolab potentiostat PGSTAT302N. For safety reasons 3.5% H 2 with balance He, 500 mL/min, was used as the anode gas. High purity nitrogen flowed through the cathode at 100 mL/min. The cell temperature was maintained at 80
• C and 100% relative humidity using a fuel-cell test stand. A schematic of the experimental set up is shown in Figure 1 .
Powder X-ray diffraction data were collected every 5 minutes for the duration of the cycling tests. The raw detector images were converted to standard powder patterns with the fit2d program 23 and the PDFgetX2 software 24 was used to correct the data for experimental effects, apply Fourier transforms, and produce the experimental PDFs. 25 The observed PDFs were fit with an fcc platinum structure using PDFgui. 26 The refinements included a spherical shape damping correction to obtain a particle diameter as outlined in Masadeh et al. 15 Additionally, XRD patterns were recorded using an X'Pert Pro Alpha-1 configured with a 1.8 kW ceramic copper tube as the X-ray source (wavelength 0.154 nm). The average particle size for both the pristine catalyst powders and the cycled cathode catalysts were obtained from the {111} Pt , {200} Pt , {220} Pt , and {311} Pt peaks using the Scherrer equation. The PDF extends to longer distances with increasing cycle number, indicating a larger particle size.
Results and Discussion
Representative PDFs are shown for 50% Pt/C with an initial PDF average particle diameter of 3.2 nm in Figure 2 . The simulated PDF is plotted over the experimental data, and the difference function is shown underneath. The damping of the signal in the high-r region of the PDF increases as particle size decreases because atom positions are uncorrelated beyond the diameter of a particle. An fcc platinum structure describes the experimental PDF well with the exception of peaks at 0.14 nm and 0.24 nm, which can be attributed to the first and second nearest-neighbor distances between carbon atoms in a graphite structure. The strong graphite signal is due to X-ray scattering from the Toray carbon paper gas diffusion layers.
PDFs were measured continuously during potential cycling. Two of the catalyst samples were 50 weight percent platinum on carbon. One of these samples was heat treated and had a larger particle diameter. The effect of initial particle size on catalyst stability was monitored. A lower initial particle diameter, sample 50% Pt/C, resulted in an 81% increase of average particle diameter. Whereas, the 50% -HT Pt/C sample had a larger initial average particle diameter of 4.4 nm and resulted in a 27% increase of particle diameter. The results for 50% Pt/C are displayed in Figure 3 , and the rest of the data are summarized in Table I . The dotted lines in Figure 3 represent the standard deviation of the difference between the experimental diameter and the predicted diameter; however, due to outliers in the data, there is no straight-forward method to determine the uncertainties of PDF diameters. As the particle size increases, the driving force for ripening decreases; thus, an initial rapid change in particle size followed by more slow growth was anticipated. A linear trend is the lowest order fit consistent with the data; however, given the quality of data, we cannot rule out different power-law dependences.
Additionally, the stability of PtCo alloy electrocatalysts was observed. The sample labeled 30% PtCo/C showed a 62.5% increase in particle diameter from the initial diameter of 2.4 nm. For sample 51% PtCo/C a software malfunction cut the experiment short after 1500 cycles, and at this time particle size had increased by 5% from 3.8 nm. Assuming linear growth and extrapolating, the expected increase in particle size at 3000 cycles is 10%. At 1500 cycles the particle size of sample 30% PtCo/C had already increased by 21%, indicating that the electrocatalyst was less stable. The initial and final average particle sizes agree relatively well with XRD measurements for all samples, and the data are summarized in Table I . The uncertainties of the XRD measurements were calculated by taking the standard deviation of the diameters for the first four peaks on the XRD pattern. The initial and final ECA values are reported in Table I . Sample 50% -HT Pt/C showed the lowest ECA loss (5%), but had the second slowest growth rate. Alloyed sample 51% PtCo/C showed the second lowest ECA loss (33%), yet had the slowest growth rate. Without further testing, conclusions cannot be made for this inconsistency. The ECA loss and growth rate for samples 50% Pt/C and 30% PtCo/C are consistent. The reported ECA values are lower than expected, which is attributed to the in-house MEA fabrication method.
Conclusions
For the first time the PDF method was used to measure particle size growth in an operating fuel cell. The ability to track particle size changes over time will allow for better understanding of catalyst degradation mechanisms and provide better data for comparison with physics-based models of platinum dissolution. Particularly, the detailed growth rate can be monitored with time rather than just two endpoints. The PtCo/C alloy catalyst with the larger particle size proved to be the most resistant to particle growth. The method of in-situ PDF analysis on operating fuel cells will be a powerful tool for future research.
